Mutations in mitochondrial oxidative phosphorylation complex I are associated with multiple pathologies, and complex I has been proposed as a crucial regulator of animal longevity. In yeast, the single-subunit NADH dehydrogenase Ndi1 serves as a non-proton-translocating alternative enzyme that replaces complex I, bringing about the reoxidation of intramitochondrial NADH. We have created transgenic strains of Drosophila that express yeast NDI1 ubiquitously. Mitochondrial extracts from NDI1-expressing flies displayed a rotenone-insensitive NADH dehydrogenase activity, and functionality of the enzyme in vivo was confirmed by the rescue of lethality resulting from RNAi knockdown of complex I. NDI1 expression increased median, mean, and maximum lifespan independently of dietary restriction, and with no change in sirtuin activity. NDI1 expression mitigated the aging associated decline in respiratory capacity and the accompanying increase in mitochondrial reactive oxygen species production, and resulted in decreased accumulation of markers of oxidative damage in aged flies. Our results support a central role of mitochondrial oxidative phosphorylation complex I in influencing longevity via oxidative stress, independently of pathways connected to nutrition and growth signaling.
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aging | mitochondria | respiratory chain | free radicals M itochondria are key metabolic organelles whose oxidative phosphorylation (OXPHOS) system is considered to be one of the most efficient producers of bioenergy. When OX-PHOS function is compromized (e.g., by mutations or toxins), bioenergy supply and cellular homeostasis are seriously disrupted, which can be lethal.
OXPHOS complex I plays a central role in the regulation of ATP production, intermediary metabolism, and apoptosis (1, 2), and mutations affecting it cause many human pathologies (3). It has also been proposed as a pacemaker of the aging process (4) . Treatments inferred to decrease the production of reactive oxygen species (ROS) at the level of complex I can prolong lifespan in Drosophila (5). All these characteristics make it essential to understand better the role of complex I in vivo and its involvement in aging.
Many organisms possess alternative enzymes that can bypass or replace the proton-translocating complexes of the mitochondrial respiratory chain. These include the alternative oxidases (AOX) and the NADH dehydrogenases of the Ndi and Nde families. Together these enzymes provide an alternative respiratory chain that potentially allows the maintenance of redox homeostasis and intermediary metabolism under conditions where flux through the "standard" respiratory chain is limited by high ATP levels, the action of toxins or other physiological restraints (6, 7) . AOX acts as a bypass of complexes III and IV, whereas Nde or Ndi can bypass complex I.
In previous studies these bypass enzymes were shown to be active when introduced into the mitochondria of higher metazoans such as mammals (8) (9) (10) (11) (12) , arthropods (13) , or nematodes (14) , all of which lack endogenous alternative enzymes. Furthermore, their expression appears largely benign, and confers resistance against respiratory chain inhibition by toxins or functional gene knockdown. Specifically, expression of AOX from the sea-squirt Ciona intestinalis was able to protect both flies (13) and mammalian cells (11) from the toxicity of cyanide or antimycin, or from functional depletion of cytochrome oxidase (12, 13) . Similarly, yeast Ndi1 was able to protect rat neurons from rotenone toxicity in vivo (15) , and functionally to replace complex I in both Caenorhabditis elegans (14) and cultured human cells (8) (9) (10) ). An internal alternative NADH:ubiquinone oxidoreductase can also substitute for complex I when introduced into Yarrowia lipolytica (16) .
To study the role of complex I in vivo, we engineered the yeast NDI1 gene for expression in Drosophila melanogaster. We here demonstrate that that enzyme is active when expressed in Drosophila mitochondria, that its ubiquitous expression confers protection against toxins and the lethality induced by complex I knockdown, and that it increases lifespan independently of the effects of diet. NDI1 expression mitigated mitochondrial ROS production in aging flies and limited the accumulation of markers of oxidative damage. Our findings implicate ROS production at complex I, resulting from disturbances in redox homeostasis, as a key determinant of aging.
induce expression, they showed no loss of viability, eclosing in comparable numbers (Fig. S1 A and B) and with similar developmental timing (Fig. 1A and Fig. S1C ) as control flies from the crosses. NDI1-expressing flies were viable and fertile, with no morphological, behavioural, or reproductive abnormalities, and were able to tolerate two copies of the NDI1 transgene (Fig. S1D) . However, coexpression, under standard conditions, of NDI1 and the AOX gene from Ciona, was lethal (Fig. S1E) .
Expression of the NDI1 transgene at the RNA and protein levels was confirmed by quantitative RT-PCR (Q-RT-PCR) (Fig. 1B and Fig. S1F ) and by Western blotting (Fig. 1C) . Expression at the RNA level was higher in males, but approximately equal at the protein level in the two sexes. Based on mitochondrial and cytosolic markers, the protein was localized to mitochondria and appeared to have been processed to the expected mature size (approximately 51 kDa). Expression at the RNA and protein levels was maintained in aging flies (Fig. S1 G and H) and did not interfere with the expression, assembly, or activity of complex I or the other OXPHOS complexes (Fig. S1 I, J, and K) .
Mitochondrial extracts from NDI1-expressing flies showed a rotenone-resistant NADH dehydrogenase activity (approximately 25% of the uninhibited activity), whereas mitochondria from control flies did not ( Fig. 2A, B) . The uninhibited activity appeared slightly higher in extracts from NDI1-expressing flies than nonexpressors ( Fig. 2A ), but this was not statistically significant. Two independent transgenic lines gave similar results ( Fig. 2 A and B) .
The rotenone-resistant NADH dehydrogenase activity conferred by NDI1 was fully sensitive to cyanide in such extracts (Fig. S2G) , indicating functional coupling to the downstream portion of the respiratory chain. Although we were unable to measure a significant effect on substrate oxidation by mitochondrial suspensions ( Fig. S2 A and B), we were able to observe a significantly increased rotenone-resistant respiration (substrate-driven oxygen consumption) in crude homogenates from NDI1-expressing flies, supplied with pyruvate plus proline (Fig. S2H ).
NDI1 expression did produce a clear suppressive effect on mitochondrial ROS (mtROS) production in vitro, in the presence of rotenone, plus complex I-linked substrates or no added substrate ( Fig. 2C and Fig. S2D ). No such effect was seen in mitochondria from young flies, when rotenone was absent (Fig. S2C) . Unlike the situation with NADH oxidation, the effect on mtROS production was not dependent on electron flow to oxygen, because it was not inhibited by KCN (Fig. S2F ), but myxothiazol abolished it (Fig. S2F ). The suppression of mtROS production in the presence of rotenone was maintained in aging flies (Fig. S2E) . The NAD þ ∕NADH ratio was significantly increased in homogenates of NDI1 expressors compared with nonexpressors ( Fig. 2D ), although total nicotinamide adenine dinucleotide levels were not affected ( Fig. S2I ).
NDI1-expressing flies exhibited a significant resistance against rotenone and paraquat, but not against antimycin, in comparison with otherwise isogenic nonexpressing flies tested alongside ( Fig. S3 A-C). The range of drug concentrations at which rotenone resistance was observed was narrow: At concentrations of 1 mM or less no toxicity was seen, but at ≥6 mM all flies succumbed rapidly. Resistance to both rotenone and paraquat also differed between the sexes. Expression of NDI1, driven by da-GAL4, was also able to overcome the lethality of knockdown of either of two subunits of complex I: CG3683, homologue of human NDUFA8 and CG6020, homologue of human NDUFA9 ( Fig. 3A and Fig. S3D ), indicating that NDI1 can compensate for a substantial deficiency of complex I in vivo. Knockdown of the targeted subunit in each case was verified at the RNA level by Q-RT-PCR ( Fig. 3B and Fig. S3F) , at the protein level by Western blots using an antibody against NDUFS3 (Fig. S3G) , and at the level of assembled, active complex I by blue native-polyacrylamide gel electrophoresis gels combined with in-gel histochemistry ( Fig. 3C and Fig. S3H ). The other OXPHOS complexes were not affected by complex I knockdown. The rescued flies eclosed with a developmental delay of 3-5 d. Rescue was not due to a promoter dilution effect, because AOX transgenic lines tested in parallel did not rescue the lethality (Fig. S3E) .
NDI1 expression had a clear effect on lifespan, both in the heterozygous (w 1118 ∕Dahomey w − ) background (Fig. S4A ) and after backcrossing over 11 generations to the Dahomey w − reference strain (Fig. S4B) . Median, mean, and maximum lifespan were substantially increased. The increase was more pronounced in males (30-40%) than females (10-20%), and was highly significant when NDI1-expressors were compared with all nonexpressor control groups (Fig. S4B) . Importantly, it was independent, in both sexes, of the lifespan enhancement caused by dietary restriction ( Fig. 4A and Fig. S4C ). Consistent with this, and despite the altered steady-state ratio of NAD þ ∕NADH, NDI1 expression caused no alteration in sirtuin activity (Fig. 4B) .
To gain insight into the mechanism promoting lifespan extension by NDI1, we analyzed respiratory functions in aging flies, at approximately 2∕3 of the median lifespan of nonexpressors. In contrast to young flies (Fig. S5) , isolated mitochondria from aging NDI1-expressing flies showed clearly increased substrate oxidation and decreased mitochondrial ROS production compared with nonexpressors, when supplied with a complex I-linked substrate mix (Fig. 5A ). Comparing young and old flies, NDI1 expression appeared to block completely the age-associated increase in mtROS production. Consistent with this, NDI1 expression was associated with a substantial and significant decrease in the steady-state levels of several markers of oxidative damage in aging flies (Fig. 5) , notably malondialdehyde-lysine and carboxymethyl-lysine [plus aminoadipic semialdehyde only in males (Fig. S5) ]. Levels of these markers were indistinguishable in young expressors versus nonexpressors (Fig. S5) . TUNEL staining revealed extensive apoptosis in brain sections of nonexpressor females (Fig. 5B) , but only at around 77 d (80% of the maximum lifespan), when most of the population had already died. NDI1-expressing females of the same chronological age showed no such apoptosis (Fig. 5B) . However, there was also no brain apoptosis detected in males at the corresponding point in the lifespan curve, regardless of NDI1 expression (Table S1 ). Thus, we found no compelling evidence that NDI1 extends lifespan by restraining apoptosis in the brain.
Discussion
In this paper we demonstrate that the yeast single-subunit NADH dehydrogenase NDI1 can be successfully expressed ubiquitously in Drosophila throughout life. Such expression produces subtle effects on mitochondrial biochemistry and increased resistance to toxins, but no other discernable effects on development or behavior. However, it rescues the lethality caused by complex I knockdown and extends lifespan in both sexes, independently of dietary restriction and without affecting sirtuin activity. Studies on isolated mitochondria showed that NDI1 expression mitigated the age-associated decline in respiratory function and the corresponding increase in mitochondrial ROS production using complex I-linked substrates. Importantly, this was associated with a substantially decreased level of several key markers of oxidative damage, indicating that the mechanism by which NDI1 extends lifespan is by protecting flies against oxidative stress emanating from excess ROS production at mitochondrial complex I.
Our results demonstrate that metazoan longevity can be regulated by at least two separable pathways: the well-established sirtuin pathway, responding to nutritional and growth regulatory signals, and a second pathway involving oxidative damage resulting from ROS production at complex I.
Functionality of NDI1 in Drosophila. Although the effects of NDI1 expression on flies were subtle, and did not compromise mitochondrial ATP production to the point of affecting viability or inducing other phenotypes seen in OXPHOS mutants (17) (18) (19) , several lines of evidence indicate that the enzyme was constitutively active in vivo, and able functionally to replace complex I, as seen earlier in nematodes, human cultured cells and fungi (8-10, 14, 16) . NDI1 expression produced a clear shift in the steady-state ratio of the reduced and oxidized forms of NAD, which provides a possible explanation for its ability to confer significant resistance against paraquat in vivo, as shown earlier in cultured cells (20) . Paraquat is believed to act by using NADPH as an electron donor to generate superoxide (21) . Thus, the change in intracellular redox homeostasis promoted by NDI1 should be protective.
NDI1 was able to rescue the lethality caused by complex I knockdown in the whole fly, leaving only a small residual amount of active, fully assembled enzyme. The implication is, surprisingly, that flies require rather little proton-pumping at complex I for survival, at least under laboratory conditions. The fact that NDI1 is able to substitute for complex I to produce a largely normal fly indicates that maintenance of redox homeostasis and channeling of electrons to the downstream portion of the respiratory chain must be more important functions of complex I in vivo. This ability of NDI1 to replace complex I should prove a useful tool in elucidating the molecular pathology of complex I defects, using Drosophila as a model for human disease.
Redox Homeostasis, Sirtuins, and Aging. The NAD þ ∕NADH ratio, which is altered by NDI1 expression, is known to influence sirtuin activity (22, 23) . Nevertheless, we detected no change in total sirtuin activity consequent upon NDI1 expression, although sirtuin levels were higher in younger than older flies and also in longer lived females than shorter lived males, supporting the role of Sir2 as a longevity gene (24) (25) (26) . This implies that the regulation of sirtuin activity in vivo is more complex than hitherto supposed, and does not depend only on the relative levels of the reduced and oxidized forms of NAD.
The fact that NDI1 produced no change in sirtuin activity is consistent with its acting independently of dietary restriction. The modulation of sirtuin activity appears to be a key downstream mediator of dietary restriction (23, 25, 27, 28) and also of growth regulation via the insulin signaling pathway, with which dietary restriction interacts at various levels (29, 30) . The lifespan-extending effect of NDI1 is thus independent of these pathways, and a different mechanistic explanation must be invoked.
Oxidative Damage and Aging. A wealth of previous circumstantial data supports the view that loss of respiratory competence at complex I during aging is accompanied by an increase in mtROS production arising from the oxidation of complex I-linked substrates. In Drosophila, these changes are well documented (31, 32) . Our finding that NDI1 mitigates both of these outcomes while decreasing oxidative damage in aging flies provides a mechanistic basis for understanding its effects on lifespan. A possible effect on mitochondrial membrane potential may also be considered. This could be hypothesized to act by altering the global susceptibility to apoptosis, which in turn would affect the rate of aging by influencing the loss of vital or irreplaceable cells, such as in the brain. However, the effects of NDI1 expression on brain apoptosis were not congruent between the sexes, and even in females did not manifest until most flies were already dead. Conversely, ROS production at complex I is most likely independent of membrane potential, at least for electron flow in the forward direction, as shown recently for isolated complex I from Yarrowia (33).
The effect of NDI1 on ROS production in aging flies is more likely mediated by its ability to act as a complex I bypass and by its effects on NAD þ ∕NADH levels (34, 35) , although an indirect effect cannot be ruled out (e.g., in which NDI1 promotes increased reduction of ubiquinol or cytochrome c, which then act locally as antioxidants) (36, 37) . The decline in respiratory capacity with age, whatever its basis, is expected to exacerbate ROS production due to the inappropriate passage of electrons to oxygen, such as occurs when complex I is inhibited by toxins such as rotenone. Mitochondrial ROS production in aging NDI1-expressing flies was decreased to the level seen in young flies, and was associated with a significant decrease in the levels of key markers of oxidative damage to biomolecules, whose levels have been shown in many other studies to be related to longevity (38) (39) (40) (41) . Mitigation of complex I-derived ROS has also been suggested to be the mechanism of lifespan increase obtained by manipulation of NF1 (5) .
In other systems (e.g., nematodes), insulin signaling has been shown to regulate proteins involve in resistance to oxidative stress that also influence lifespan (42) . Moreover, dietary restriction in both mammals (40) and flies (43) also impinges on the steady-state levels of markers of oxidative stress, including those influenced by NDI1 expression in flies. Thus, the two pathways of longevity regulation inferred from the present study to operate independently in flies, namely the sirtuin/insulin signaling/dietary restriction pathway on the one hand, and ROS generation at complex I on the other, should eventually converge on a single-readout of oxidative damage leading to physiological impairment. Our findings indicate that the readouts from these pathways are additive: One gives rise to agents of damage, and the other determines the ability to the organism to resist such agents. The combination of the two, acting independently, determines the final outcome, as measured by the amount of cumulative damage, and consistent with the classical free radical theory of aging (44) .
Mitochondria are clearly not the only source of ROS-induced damage influencing longevity. For example, long-lived mice deficient in the p66Shc signaling molecule were recently shown to produce less superoxide in macrophages (45) . However, modulation of ROS production at complex I, by means of NDI1 or other approaches, now offers a way to manipulate metazoan lifespan by mitigating a key source of age-associated damage.
Materials and Methods
Full details are presented in SI Text and Table S2 .
Drosophila Stocks and Maintenance. w 1118 , balancer, and da-GAL4 driver lines were obtained from stock centers, and maintained in standard medium (13) . AOX transgenic lines were as described previously (13) .
Generation of NDI1 Transgenic Lines and Genetic Nomenclature. Yeast NDI1, amplified from genomic DNA, was cloned into a Drosophila P-element vector under the control of a GAL4-dependent promoter, flanked by insulator elements. Following microinjection (VANEDIS Drosophila Injection Service), transgenic progeny were established as independent lines NDI1 A46 and NDI1 B20 , with genomic insertion sites (on chromosomes 3 and 2, respectively) determined by inverse PCR (13) . NDI1 A46 ∕3 and NDI1 B20 ∕2 denote these transgenes in combination with the corresponding wild-type chromosomes. CyO and Sb denote the standard markers present on balancer chromosomes 2 and 3, respectively. For lifespan experiments NDI1 transgenic lines were backcrossed over 11 generations to the Dahomey w − reference strain.
Toxin Resistance and Lifespan Curves. Resistance to antimycin, rotenone, or paraquat was assayed essentially as described by Fridell et al. (46) . Lifespan curves were derived in standard medium or under dietary restriction as indicated.
RNA and Protein Analysis. RNA was isolated and analyzed by quantitative RT-PCR as described previously (13) , using gene-specific primers, with RpL32 as reference gene. Subcellular fractions were analyzed by Western blots (13) and blue native-polyacrylamide gel electrophoresis combined with in-gel histochemistry (47) . Table S1 .
Enzymatic Assays. Standard assays were used to measure NADH dehydrogenase and sirtuin activity, mitochondrial H 2 O 2 production and NAD þ ∕NADH levels. Respiration was measured by polarography and apoptosis by TUNEL staining. Markers of oxidative damage were analyzed by mass spectrometry as previously (40) .
